ABSTRACT
Introduction
The transport of hydrogen in solids is crucial in electrochemical devices, such as fuel cells and batteries. Previously, a proton (H + ) has been typically regarded as a charge carrier in the transport of hydrogen. Thus far, various H + conductive materials, such as oxides, polymers, and solid acids, have been developed. [1] [2] [3] On the contrary, few studies have been conducted to investigate the conduction of H ¹ . Recently, the conduction of H ¹ in solids has been verified for a BaH 2 and La 2¹x¹y Sr x+y LiH 1¹x+y O 3¹y oxyhydride system (LSLHO), and the results showed that H ¹ is a new charge carrier for the transport of hydrogen in solids. 4, 5 Particularly, realization of a battery reaction using LSLHO as a solid electrolyte in our previous work have confirmed not only the capability of the LSLHO to act as an H ¹ solid electrolyte but also the possibility of developing electrochemical devices based on H ¹ conduction. 5 Hydride ions are attractive as charge carriers because they have an ionic radius similar to those of oxide and fluoride ions in crystal lattices, which are suitable for rapid ionic conduction and also exhibit strong reducing properties with a standard redox potential of H ¹ /H 2 (¹2.3 V) comparable to that of Mg/Mg 2+ (¹2.4 V). Hence, energy storage and conversion devices with high energy densities can be obtained by exploiting H ¹ conductors. The LSLHO oxyhydride system is equipped with flexible anion sublattices composed of H ¹ and O
2¹
, which are capable of accepting various atomic arrangements and vacancies. The H ¹ conductivity in the LSLHO system depends on the H ¹ concentration and the amount of vacancies in the crystal lattice. La 0.6 Sr 1.4 LiH 1.6 O 2 (x = 0.4, y = 1 in LSLHO) with H ¹ vacancies exhibits a high conductivity of 1.2 © 10 ¹4 S cm ¹1 at 300°C. 5 Typically, the control of the mobile ion concentration and lattice structure are crucial factors for rapid ionic conduction and for the creation of smooth diffusion pathways, respectively. Hence, oxyhydrides possessing the structural flexibility as typified by LSLHO system have potential for further improvement of the H ¹ conductivity. However, the preparation of oxyhydrides is mainly required special synthesis conditions such as a solid state reaction at high-pressure [6] [7] [8] or a strong reducing reaction using metal hydrides as the reductant. [9] [10] [11] [12] [13] Although the synthesis of the LSLHO system by a conventional solid-state reaction at ambient pressure has been reported, it is only suitable for a standard composition of La 2 LiHO 3 , which contains the lowest concentration of H ¹ in this system. 14 ¹ and (LaSrO 2 ) + layers along the c-axis (Fig. 1) . The crystal structure, as well as the H ¹ conductivity and bonding state of hydrogen, of LaSrLiH 2 O 2 synthesized at ambient pressure was examined by X-ray and neutron diffraction, attenuated total reflection Fourier transform spectroscopy (ATR-FTIR), and electrochemical impedance spectroscopy (EIS).
Experiment
LaSrLiH 2 O 2 was synthesized by a conventional solid-state reaction at ambient pressure. The sample was prepared using La 2 O 3 (Aldrich, 99.9%), LiH (Alfa Aesar, 99.4%), SrH 2 (Mitsuwa Chemical Co., 99.5%), and SrO (Aldrich, 99.9%) as the starting materials. These materials were weighed in an Ar-filled glove box, and mixed by planetary ball-milling for 3 h. The obtained mixture is pelletized, and encapsulated in an SUS sintering container placed inside an Ar-filled glove box. The amount of LiH in the mixture was changed from a stoichiometric molar ratio to a 100 wt% excess amount to prevent the loss of light elements (e.g., lithium and hydrogen); these elements can easily vaporize at high temperatures in a reaction system. Figure 2 shows the SUS sintering container. The container was attached to a vacuum line, and Ar in the container was substituted with H 2 . The mixture of raw stating materials in the container was sintered at 650°C for 6 h.
X-ray diffraction (XRD) patterns of the powdered samples were obtained using an X-ray diffractometer (MiniFlex 600, Rigaku) with CuKA radiation in steps of 0.02°over a 2ª range of 10-80°. Synchrotron X-ray diffraction measurements were carried out at the BL19B2 beam line at SPring-8 in Japan. A Debye-Scherrer diffraction camera was used for measurements at 298 K. For X-ray diffraction measurements, the specimens were sealed in a glass capillary (approx. 0.2-0.3 mm in diameter) under vacuum. Diffraction data were recorded in steps of 0.01°over a 2ª range of 3°to 70°. The wavelength of the incident beam was calibrated using NIST SRM Ceria 640b CeO 2 and then fixed at 0.5 ¡. Lattice parameters and structures of the samples were refined by X-ray Rietveld analysis using the RIETAN-FP program. 15 Neutron diffraction data were acquired using time-of-flight (TOF) neutron powder diffractometer, SPICA at J-PARC (Japan). Samples (³0.5 g) were placed in cylindrical vanadium cells (radius of 6 mm and height of 55 mm). Lattice parameters and structural parameters were refined by neutron Rietveld analysis using the Z-Rietveld program. 16 Infrared (IR) spectra were recorded on an FTIR spectrometer (ALPHA, Bruker) equipped with a single-reflection diamond-ATR module. The spectrometer was set up in an Ar-filled glove box to remove moisture and ambient air. A total of 24 scans were accumulated for each spectrum at a resolution of 2 cm ¹1 in the spectral range of 4000-500 cm ¹1 . Ionic conductivity was measured by AC impedance under Ar at 200°C¯T¯300°C, with an applied frequency of 0.1-7 MHz, using a Bio-Logic VSP-300 frequency response analyzer. Gold was deposited on both sides of the samples as the blocking electrode. Measurements were carried out using pelletized samples (diameter of 5.25 mm and thickness of 1.8 mm).
Results and Discussion
LaSrLiH 2 O 2 was synthesized from the mixture with different amounts of LiH (stoichiometric, 20, 50, and 100 wt% excess). Figure 3 shows the XRD patterns of LaSrLiH 2 O 2 under various synthesis conditions. In the all samples, the diffraction peaks indexed to the same space group as LaSrLiH 2 O 2 , i.e., I4/mmm, were observed as the main phase. However, small diffraction peaks indexed to SrO, SrH 2 , and/or La 2 O 3 , present in the raw starting materials, were also observed for the sample synthesized from the mixture with small or no excess of LiH (stoichiometric, 20 wt%, and 50 wt%). With increasing amount of LiH, the amount of the remaining raw starting materials decreased. The single phase of LaSrLiH 2 O 2 was obtained only for the sample with a 100 wt% excess of LiH. In addition, the excess-LiH in the mixture also 
improved the crystallinity of LaSrLiH 2 O 2 . For example, the magnified 004 peaks in Fig. 3 , which are normalized by unification of peak intensities showed the decrease in the full width at half maximum (FWHM) with increasing amount of LiH. Therefore, the excess of LiH not only prevents the loss of lithium and hydrogen in the synthesis system but also might act as a flux for reducing the synthesis temperature of LaSrLiH 2 O 2 .
The crystal structure of LaSrLiH 2 O 2 synthesized at ambient pressure was confirmed by X-ray and neutron Rietveld analysis. The Rietveld analysis was carried out on the basis of previously reported structural models of LaSrLiH 2 O 2 synthesized at high pressure. 5 A total of four sites were assigned to La/Sr, Li, H, and O, respectively, for the refinement of the tetragonal phase: 4e ð0; 0; zÞ site for La and Sr, 2a ð0; 0; 0Þ site for Li, 4c ð0: 1=2; 0Þ site for H, and 4e ð0; 0; zÞ site for O in I4/mmm (space group 139). Figures 4-5 show the synchrotron X-ray and neutron Rietveld refinement patterns, and Tables 1-2 summarizes the refinement structural parameters for the sample. By XRD Rietveld analysis, the following refined lattice parameters were obtained: a = b = 3.63913(10) ¡, and c = 13.29601(5) ¡; these values are similar to those of LaSrLiH 2 O 2 synthesized by the high-pressure method (a = b = 3.64090(1) ¡, and c = 13.29050(5) ¡).
5 From neutron Rietveld analysis, the calculated patterns were well fitted to the observed patterns, although small diffraction peaks corresponding to Li 2 O were also observed, which were formed by the remaining the excess amount of Li sources in the raw starting materials. The refined site occupancies of each atom indicated that the sample synthesized at ambient pressure is nearly stoichiometric composition without vacancies.
However, the mixing of anions between H ¹ and O in the 4c axial anion site in the Li octahedra was confirmed, with occupancy parameters of g(H1) = 0.9361(5) and g(O1) = 1 ¹ g(H1), whereas this site was exclusively occupied by H ¹ for the sample synthesized at high pressure.
ATR-FTIR spectroscopy was carried out in order to clarify the bonding state of hydrogen in the crystal lattice for LaSrLiH 2 O 2 . If hydrogen in LaSrLiH 2 O 2 exists as protons, peaks corresponding to the stretching vibrations of the O-H bond would be observed at at 3000-3500 cm ¹1 because protons in the oxide-framework structure form OH ¹ in the lattice. 17 Figure 5 shows the ATR-FTIR spectra of LaSrLiH 2 O 2 at 4000-500 cm
¹1
. Peaks corresponding to the O-H stretching vibrations were not observed at 3000-3500 cm ¹1 , indicating that the hydrogen in the crystal lattice of LaSrLiH 2 O 2 exists as hydride ions, not as protons.
The ionic conductivity of LaSrLiH 2 O 2 synthesized at ambient pressure was measured by AC impedance in the temperature range of 200°C¯T¯300°C with applied frequencies ranging between 1 Hz and 7 MHz. The conductivity was estimated from impedance plots. Figure 7 shows the impedance and Arrhenius plots of LaSrLiH 2 O 2 . The conductivity of LaSrLiH 2 O 2 synthesized at high pressure in our previous study is also plotted for comparison. 5 The typical behavior of the impedance plot was described by the combination of two components, semicircle in the high-frequency range and a spike in the low-frequency region, which correspond to contributions from the mix with bulk and grain boundary and the electrode, respectively. Impedance spectra were fitted using the equivalent circuit to estimate the bulk and grain boundary resistance. Figure 7 shows the conductivity obtained from the sum of the bulk and grain boundary resistance. For the sample synthesized at ambient pressure, the activation energy for ionic conduction was calculated as 80.7 kJ mol ¹1 , which is nearly the same as that observed for the sample synthesized at high pressure. 5 The total conductivity (bulk + grain boundary) for the sample was observed to be 3.2 © 10 ¹6 S cm ¹1 at 300°C, which was slightly less than that of the high-pressure sample. 5 From the viewpoint of the crystal structure of LaSrLiH 2 O 2 in which tetragonal (LiH 2 )
¹ and (LaSrO 2 ) + layers are alternately stacked along the c-axis, the hydride ions are expected to exhibit two-dimensional diffusion in the LiH 4 plane in the crystal lattice. Hence, the movement of H ¹ in the crystal lattice of LaSrLiH 2 O 2 synthesized at ambient pressure is possibly inhibited by the partial occupancy of oxide ions in the (LiH 2 ) ¹ layer.
Conclusion
In this study, a H ¹ conductive oxyhydride, LaSrLiH 2 O 2 , was successfully synthesized at ambient pressure by a conventional solid-state reaction. To obtain the single phase of LaSrLiH 2 O 2 , Inset shows a magnified image of the spectrum in the range of 3000-3800 cm
¹1
. FTIR measurement was carried out in an Ar-filled glove box to remove the moisture and ambient air. 
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